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ABSTRACT
Ganoderma lucidum is a polypore fungus commonly known as Lingzhi,
Youngji or Reishi mushroom in East Asia. It is frequently marketed as an herbal
supplement and often utilized as traditional Chinese medicine. Our research
comprises the structural investigation of the principal polysaccharide from this
fungus. After proper purification, the fungal glucan was subjected to multiple
experiments of NMR spectroscopy, including 1D 1H and 13C, 2D; 1H-1H COSY,
1

H-1H TOCSY, 1H-1H NOESY, 1H-13C HSQC, 1H-1H Phase Sensitive-TOCSY,

and 1H-13C TOCSY-HSQC NMR spectra. Data has confirmed that this fungal
polysaccharide contains residues of glucose (91.31%) as major, galactose (4.99%),
and mannose (3.69%) as minor constituents in the glucan extract. Anomeric
signals indicated that all these three residues occur in both α and β configurations.
This fungal glucan is mostly composed of 6-linked units together with minor
amounts of the 3-linked unit and exhibits both linear and branching forms.
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CHAPTER 1. NUCLEAR MAGNETIC RESONANCE

1. 1 INTRODUCTION TO NUCLEAR MAGNETIC RESONANCE
Nuclear Magnetic Resonance (NMR) Spectroscopy has been utilized to investigate
molecular structure since it was first recorded in 1938 by Isador Rabi and optimized in
1946 by Bloch and Purcell. [1] Although NMR spectroscopy is a relatively new
technique in structural analysis in comparison to IR spectroscopy and Mass
Spectroscopy. The impact of this burgeoning technique was soon recognized, in 1944
Isador Rabi was awarded the Nobel Prize in Physics, and later in 1952 both Bloch and
Purcell were jointly awarded a Nobel Prize. NMR has since become a ubiquitous
technique and has found a wide variety of applications. Even now NMR has become a
powerful tool in the elucidation of even large and complex biomolecules like proteins and
carbohydrates. [2],[3] NMR has also been used in metabolomics [4], structure-activity
relationships (SAR) [5], and in monitoring reactions [6].
NMR exploits quantum properties of individual nuclear spins in a magnetic field
to observe changes of their energy states. These signals can give information about the
chemical environment the observed nuclei is in and can thus be used to extrapolate
information on the molecular structure. The basic principle behind NMR is that all nuclei
1

exhibit the quantum property of spin and all nuclei are electrically charged [7] .
When these nuclei are exposed to an external magnetic field (B0), a transfer of energy is
possible between the base energetic state and the higher state. The nuclei are perturbed by
radio wave frequencies to the higher energetic state and will naturally relax to the base
state and emit energy at the same frequency [8]. The specific precession back to base and
the frequencies observed during this precession are dubbed Larmor frequencies and are
dependent on B0. These Larmor frequencies are observed and processed through Fourier
transformation to yield an NMR spectrum for the observed nucleus [7]. This spectrum is
composed of specific signals or “peaks” at specific values, called chemical shifts and in
varying patterns of splitting or J-coupling values. It is important to note that the
resolution or signal to noise ratio of this data is dependent on the intensity of the B0,
which can range anywhere from <300 MHz to >1000 MHz depending on the NMR
instrument used to record data [9].
Where the use of high field NMR magnets can provide sensitivity enhancement
they also provide the dual benefit of increased signal dispersion or how well the signals
in a spectrum are separated or resolved. Advances in probe technology have also greatly
impacted the performance and sensitivity of NMR spectrometers beyond magnetic field
strength. The introduction of cryogenically cooled probes can enhance resolution 3-4 fold
over the use of conventional probes, other probe enhancement techniques include the use
of smaller probe diameters for limited sample amounts [10] [11]. Outside of hardware
enhancements increasing the concentration of the observed sample, longer observation
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periods, and the use of Shigemi tubes can greatly enhance the resolution of NMR
spectrometers [12]. NMR as a technique is generally considered to be limited by its
insensitivity when compared to other optical spectroscopic methods, but as discussed
here developments in sensitivity enhancement through high field magnets, hardware
enhancements, or by experimental techniques can be utilized to improve upon the
limitations of NMR spectroscopy [13].
As NMR relies on the quantum property of spin, all nuclei that can be manipulated
and observed through NMR spectroscopy must exhibit a quantum spin number greater
than 0. Only some atoms exhibit an overall quantum spin number greater than 0, which is
determined by the number of neutrons to protons in the nucleus [14]. Quantum mechanics
dictates that a nucleus of spin I will have 2I + 1 possible orientations, thus a nucleus with
spin ½ will have 2 possible orientations. In a magnetic field these orientations are not
energetically equal, and the initial populations of these energy levels are determined by
the Boltzmann distribution. Most importantly this determination means that the lower
energy level will be populated with slightly more nuclei than the higher level, making it
possible to excite the nuclei to the higher energy level which is necessary for NMR
spectroscopy [15]. Nuclei which exhibit ½ spin are optimal for observation by NMR as
there is only one transition state but as there are few naturally abundant nuclei with a
spin-half quantum number. Luckily, two of the most commonly observed isotopes in
NMR 19F and 1H are naturally highly abundant in nature, while isotopes 15N and 13C are
also commonly observed but are not as naturally abundant [16]. For the NMR
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spectroscopist overcoming insensitivity to 15N and 13C can be achieved through isotopic
labeling, this is of particular importance for the elucidation of protein structures or other
large biomolecules to identify amide resonances and changes to those positions during
molecular interaction studies [17].
Complex molecular features often require NMR spectroscopic data to be viewed
in more than one dimension. While spectroscopic data from NMR is normally observed
within one or two dimensions, the determination of three-dimensional structures of
biomolecules requires the increase in resolution provided by multidimensional spectra
[18]. Chemical shift overlap is a major obstacle in the analysis of large and complex
molecules and while the introduction of two-dimensional techniques has been
instrumental to structure determination the introduction of multi-dimensional experiments
(such as three, four, and up to seventh-dimensional experiments) can improve resolution
and facilitate peak assignment to even the most complex macromolecules [19].
While 1D NMR is limited to the observation of a single type of nuclei,
multidimensional NMR experiments can observe either a single type of nuclei in a
homonuclear spectrum or can observe multiple nuclei in interaction with each other in a
heteronuclear spectrum. In the context of biomolecular NMR, heteronuclear experiments
are a great asset to structural elucidation and characterization. For instance, in proteins
the most important structural assignments and characterizations can be made through the
observation of the interactions between 15N, 1H, and 13C which can help characterize both
the amide resonances and peptide backbones [20]. Carbohydrate characterization heavily
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utilizes heteronuclear spectra to observe the interaction between its two major nuclear
species: 13C and 1H, allowing users to make characterizations about the major
monosaccharide spin systems and interactions with other biomolecules [21].

1.2 CHEMICAL SHIFT
The absorption frequency of a nuclear spin system is dependent on the magnetic
field strength at the nucleus. The electron density surrounding the nucleus will produce
an additional magnetic field generally in opposition to the applied magnetic field, thus
influencing the local magnetic field strength of the observed nucleus by chemical
shielding. Lower resonance frequencies are observed as the electron density around the
nucleus increases and inversely higher frequencies will be observed as the electron
density around the nucleus decreases. Differing spins will experience different local
magnetic fields due to differences in shielding and the resulting shifts in frequencies can
be observed as peaks in the NMR spectra. This observed frequency is known as chemical
shift. Chemical shift is the value that a peak corresponds to within the NMR spectrum
and is measured in parts per million (ppm) it is considered one of the two most important
observables in NMR spectroscopy [22].
Chemical shift values are determined by a variety of different factors such as
temperature, chemical environment such as the electron density or electronegativity of
neighboring groups, and anisotropic induced magnetic field effects [23]. Chemical shift
values are calculated in a ppm scale within the spectrum. For NMR spectroscopists ppm
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is a standardized measurement used to describe the Larmor frequencies of the nuclei of
interest. The equation ppm = (actual frequency - B0)/B0 can be used to convert
frequencies measured in hertz to reproducible values of ppm regardless of B0. This is
used to produce uniform data for the same sample at varying magnetic fields, assuming
constant experimental conditions. As different nuclei exist in varying chemical
environments, they will not produce equivalent values or equivalent chemical shift
information, allowing us to use these differing chemical shift ranges to characterize
different isotopes [24],[25]. In general, the detected chemical shift resonances are
referenced against tetramethylsilane (TMS), dimethylpropanoic acid (TSP), or even
against the solvent resonances such as water or deuterated water (DOH) [26].

1.3. J-COUPLING
J-couplings (also known as scalar couplings) are the result of spin-spin
interactions between neighboring nuclei. This interaction is mediated through bonds and
can be used to correlate NMR signals between nuclei connected through bonds [27]. Jcoupling occurs as an interaction of the nuclear magnetic moment affects the polarization
of the surrounding electrons involved in the chemical bond between neighboring nuclei.
A change in the magnetic field occurs as a result of this interaction and is sensed by the
coupled spin [28]. This results in predictable patterns of multiplets, such as doublets for
one neighboring nuclei, triplets resulting from two neighboring nuclei, doublet of triplets
resulting from two neighboring nuclei with unequivalent coupling constants, as well as
6

many more patterns of splitting [29]. Careful analysis of the distance between these split
peaks can be correlated to the atomic distances between the interacting nuclei. J-coupling
analysis can then be used to understand interesting properties of the observed molecule,
this includes understanding the impacts of lone pairs of electrons and hydrogen bonding.

1.4. MULTIDIMENSIONAL NUCLEAR MAGNETIC RESONANCE
Multidimensional NMR forms the basis for the elucidation and characterization of
large biomolecules in 3D space. A 1D NMR spectra has only two dimensions: frequency
which corresponds to the chemical shift (x-axis) and intensity of the observed signal (yaxis). A 2D NMR spectrum in contrast has two frequency dimensions, F2 and F1 and is
generally displayed as a contour plot [31]. Multidimensionality overcomes limitations of
1D analysis by increasing the resolution of our spectra and through the observation of
magnetization transfer across a multidimensional space. Magnetization transfer allows us
to observe interactions through bond via J-coupling and through space by Nuclear
Overhauser Effect (NOE) which is explained further in section 1.4.3.[32].

1.4.1. CORRELATION SPECTROSCOPY
Correlation spectroscopy (COSY) is among the most popular two-dimensional
NMR experiments in the structural biologist’s toolkit and one of the first
multidimensional experiments. The simplest two-dimensional experiment possible in
7

solution NMR is a COSY experiment [33]. COSY is known as a homonuclear experiment
utilizing the frequencies for a single nucleus in a structure, most commonly Hydrogen
(1H), across both dimensions (or axes) [34]. During the COSY experiment, magnetization
is transferred by J-coupling, and nuclei two or three bonds in distance will give rise to
distinct signals called cross peaks. During the COSY experiment the preparation period
contains the relaxation period and a pulse to create detectable magnetization. During the
evolution time a modulation by chemical shift takes place, in addition homonuclear,
scalar coupling will be active and creates types of magnetization that enable a partial
transfer from one spin to the next based on this interaction. This is accomplished by the
subsequent pulse that represents the mixing period. Finally, two types of signals are
detected during acquisition [35]. In one case, magnetization has not been transferred from
one spin to another during the mixing time. The chemical shifts detected during the
evolution time and the acquisition time are therefore the same and the frequencies
resulting from the two Fourier transformations are identical. The signal will appear on the
diagonal of the two-dimensional spectrum. Another type of signal results from
magnetization that has been transferred from one spin to the next during the mixing time.
The chemical shifts detected in the two dimensions will therefore differ and the signal
will appear away from the diagonal, this is dubbed the “cross peak”. The occurrence of
cross peaks is of major importance and represents the key feature of multidimensional
spectroscopy [36]. In COSY-type spectra these peaks indicate a J-coupling interaction
between the nuclei that are represented by the two chemical shifts and thus allow the
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establishment of a connectivity between these nuclei, which forms the basis for resonance
assignment. It is important to note that nuclei more than three bonds apart will give no
cross signal as 4J coupling constants are close to 0 ppm. To observe the interaction
between nuclei more than two or three bonds in distance a Total Correlation
Spectroscopy (TOCSY) experiment can be performed and which will be later described
in section 1.4.2. [37].

Figure 1.1: A representation of a COSY spectra, cross peaks are denoted by grey with the red
peaks corresponding to protons 1 and 3 signifying interactions between two different protons by
magnetization transfer. Diagonal peaks denoted by black in the spectra represent direct
observation of individual protons when no transfer of magnetization takes place during the
mixing period. COSY is a two-dimensional, homonuclear NMR experiment and records the
chemical shift of the same type of nucleus in both dimensions.
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1.4.2. TOTAL CORRELATION SPECTROSCOPY
As previously described the TOCSY experiment allows spectroscopists to
visualize the interaction between directly bonded protons, much like COSY; however,
TOCSY experiments utilize spinlock to successfully transfer magnetization over 5-6
bonds. This means that TOCSY can be used to identify larger interconnected networks of
spin couplings. This is achieved through a repetitive series of pulses, or spinlock, during
the experimental pulse sequence, this ensures that that magnetization distributes through
the chain of coupled bonds [38]. The homonuclear 1H-1H TOCSY spectrum reveals the
coupling between all pairs of hydrogen nuclei while the transfer of magnetization is
interrupted by the presence of heteroatoms, most commonly oxygen or quaternary
carbons. This is particularly useful for carbohydrates, as it allows the user to observe the
spin system of a single sugar residue without interaction with the neighboring glycosidic
linkages [39].
Other variations of the TOCSY experiment are also readily used in NMR
spectroscopy, such as the phase-sensitive TOCSY. A phase-sensitive TOCSY can be
obtained by using an echo-anti-echo approach resulting in a sensitivity improved TOCSY
with shadow and mirror peaks removed from the spectra.
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Figure 1.2: A representation of a TOCSY spectra, cross peaks are denoted by grey with
the red peaks corresponding to protons 1 and 3 signifying interactions between two different
protons by magnetization transfer. Diagonal peaks denoted by black in the spectra represent
direct observation of individual protons when no transfer of magnetization takes place during the
mixing period. TOCSY is a two-dimensional, homonuclear NMR experiment and records the
chemical shift of the same type of nucleus in both dimensions.
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1.4.3. NUCLEAR OVERHAUSER EFFECT SPECTROSCOPY
Nuclear Overhauser Effect Spectroscopy (NOESY) can be used to establish
correlations between nuclei through space, regardless of any direct bonding. The
phenomenon of nuclear Overhauser effect (NOE) is utilized to transfer nuclear spin
polarization from one nucleus to another by cross-relaxation [40]. During NOESY, the
NOE cross relaxation between nuclear spins during the mixing period produce cross
peaks which correlate to nuclei that are spatially close and not necessarily interacting
through bond [41]. The NOESY mixing period is controlled by the pulse sequence.
Within this pulse sequence the delay in the pulse sequence corresponding to mixing time
must be optimized to ensure the best cross-polarization outcome, too short of a mixing
time will not allow this polarization to reach a maximum intensity, too long and the
cross-polarization event will be fully relaxed producing low or nonexistent signals [36],
[42]. This is necessitated by the different transverse relaxation times of different protons
with variable molecules In a NOESY experiment the appearance of a cross peak indicates
spatial proximity of the nucleus represented by the chemical shifts [43]. This mixing time
must also be optimized per temperature if variable temperatures are used [44]. The
intensity of the interactions is dependent on the distance and the analysis of NOESY
spectra yields highly relevant structural information. In the study of carbohydrates
NOESY experiments can be used to provide valuable information about glycosidic bonds
between sugar residues [45].
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1.4.4. HETERONUCLEAR SINGLE QUANTUM COHERENCE
The heteronuclear single quantum coherence (HSQC) spectroscopy is a frequently
employed experiment when characterizing the 3D structure of biomolecules [46], [47].
HSQC is a heteronuclear experiment and involves the observation of two separate
isotopes which are directly bound together [48]. Here the chemical shifts detected in the
two time-domains result from different types of nuclei. During the preparation period
magnetization of the first type of nuclei is created. The chemical shifts of these nuclei are
then recorded during the evolution time. Subsequently transfer of magnetization between
the two different types of nuclei is accomplished by proper choice of the mixing sequence
[49].
In the elucidation of carbohydrates, the 1H-13C HSQC experiment is normally used
to observe correlations between a carbon and its attached protons, where the protons lie
along the observed F2 axis and the carbons are along the F1 axis [50], [51]. In regard to
carbon this experiment can be considered particularly useful as 1H isotopes are more
abundant in nature than 13C isotopes and can thus increase sensitivity to carbon as the
observed nucleus.
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Figure 1.3: A representation of an HSQC spectra, cross peaks are denoted by black with
the red peaks corresponding to H-2 and C-2 signifying interactions between a proton directly
bonded to a carbon atom. Diagonal peaks denoted by black in the spectra represent direct
observation of individual protons when no transfer of magnetization takes place during the
mixing period. HSQC is a two-dimensional, heteronuclear NMR experiment and records the
chemical shift of two different nuclei in both dimensions.
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CHAPTER 2. MYCOLOGY AND GLYCOBIOLOGY
2.1. GANODERMA LUCIDUM - OVERVIEW
Ganoderma lucidum is a polypore fungus better known as Reishi or Lingzhi
mushroom. G. lucidum is a woody fungus that can be found growing on decaying
hardwood trees throughout China and some parts of Europe. [52] G. lucidum is well
described in Traditional Chinese Medicine (TCM) and has been nicknamed the
“Mushroom of Immortality”. [52] For over 2000 years Eastern traditional medicine has
utilized G. lucidum as a preventative anti-inflammatory and immunomodulatory,
references to its use have been noted as early as 100 B.C. in one of the earliest TCM
books dedicated to the description of medicinal herbs, its title translates to English as
“Classic of the Materia Medica”. [53], [54] Ancient Chinese artwork has associated
Reishi with royalty, wisdom, and eternal life, emphasizing the importance of this fungi to
Eastern cultures [55].
In the present day, G. lucidum maintains relevance in both Eastern traditional
medicine and within the Western dietary supplement market with a reported market value
of approximately $2.6 billion USD [56]. G. lucidum can be found in a variety of
commercial products, including teas, powders, tinctures, and pills produced from
different parts of the mushroom such as the mycelia, spores, and fruiting body. The
current market attributes various health benefits to G. lucidum supplements including:
15

antioxidant, anti-tumor, hypoglycemic, hepatoprotectant, and immunological effects [57],
[58], [59]. As global demand for G. lucidum grows, mycelia and culture broth-based
products have become preferred production methods to increase quality control and
ensure continuous production, as the fruiting body of G. lucidum takes several months to
culture [60]. The production and cultivation of G. lucidum strongly influence the
production and quality of polysaccharides extruded from the fungal cells. [61] Culture
conditions such as media, temperature and pH have been reported to significantly modify
the chemical composition, molecular weight, and yield of the excreted
exopolysaccharides (EPSs) [62]. Although these mushrooms contain a wide array of
bioactive molecules, including terpenoids, sterols, alkaloids, phenols, and peptides,
polysaccharides comprise the major bioactive constituents found in G. lucidum [63].

2.2. POLYSACCHARIDES FROM G. LUCIDUM
Polysaccharides as a class are highly structurally diverse bio-macromolecules
which possess a wide range of physicochemical properties. The pharmacological
importance of fungal polysaccharides is extensive and has received increasing attention
in recent years [64]. Over 200 polysaccharides have been isolated from the fruiting
bodies, spores, mycelia, and cultivation broth of the G. lucidum species complex [63].
Neutral polysaccharides of glucose units, called glucans, comprise the majority of the
bioactive polysaccharides isolated from G. lucidum. These polysaccharides are most
commonly composed of β-D-glucan and α-D-galactan chains with mixed or regular
16

β(1→3), β(1→6) glucan, α(1→3) glucan, α(1→6) glucan, galactan, and mannan
glycosidic linkages [65]. Polysaccharides isolated from G. lucidum have regular
monosaccharide compositions which can include D-glucose, D-galactose, D-fructose, Dmannose, D-xylose, L-fucose, L-rhamnose, and L-arabinose. [66] Although these glucans
can be found in both α and β configurations, β-1-3 and β-1-6 D-glucans are the most
commonly described constituents of the Ganoderma polysaccharides [67]. These βglucans have been the focal point of G. lucidum carbohydrate research, previous literature
reports conclude that most of the anti-tumor glucans consist of a branched glucan core
with (1→3)-β-, (1→4)-β- and/or (1→6)-β-linkages with an average molecular weight of
approximately 1050 kDa [67], [68].
The investigation of the immunomodulatory effects of the Ganoderma
polysaccharides (GLP) is heavily fixated on the presence of the bioactive β-glucans.
Dectin-1 is a pattern recognition receptor (PPR) primarily responsible for the mediation
of the host-cell recognition of β-glucans. Dectin-1 is a myeloid expressed type II
transmembrane C-type lectin-like receptor that contains an immunoreceptor tyrosinebased activation motif in its cytoplasmic tail. This PPR binds to the β-glucan expressed
by many fungal species and has been shown to mediate a variety of Toll-like receptordependent and independent antifungal cellular responses, this includes: phagocytosis,
respiratory burst, and the production of cytokines and chemokines [69]. Recent studies
suggest that an extract of G. lucidum rich in β-glucan polysaccharides is capable of
activating T-lymphocytes, stimulating the production of interleukin-6 and interleukin-10
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cytokines, contributing to the proliferation and maturation of B-lymphocytes, stimulating
the production of interferons and interleukin-2 in Natural Killer cells, and stimulating the
production of interleukin-1, Tumor Necrosis Factor-α (TNF-α) and interleukin-12. In
whole the recognition of the β-glucans produced by G. lucidum by dectin-1 can induce a
proinflammatory response resulting in the recruitment of inflammatory leukocytes and
neutrophils producing the immunomodulating effects of G. lucidum [70]. This
mechanism of immunomodulation has become the focal point and foundation for many of
the other bioactivities attributed to GLPs [71].
GLPs are also known to control hypoglycemia through improving glucose
metabolism, improving β-cell dysfunction, enhancing insulin action, regulating the
mitogen-activated protein kinase pathway, and delaying the progression of diabetic
complications [72], [73]. The primary hypoglycemic mechanism results from the
proinflammatory nature of β-glucans derived from G. lucidum [74]. These glucans
decrease the concentration of interleukin-1β, interleukin-6, and TNF-α in plasma [75].
These production of these proinflammatory cytokines then result in lipolysis, lipid
transport and exacerbate lipotoxicity which in turn causes damage to the process of
insulin signaling in the peripheral tissues by endocrine effects [76]. This means that these
β-glucans can reduce insulin concentrations and insulin-regulated lipogenesis in the liver
while also preventing the development of type 2 diabetes mellitus, non-alcoholic fatty
liver disease, and cardiovascular disease. GLPs also influence the mitogen-activated
protein kinase pathway through the activation of adenosine monophosphate-activated
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protein kinase causing a reduction in the messenger ribonucleic acid (mRNA) levels of
glucose regulatory enzymes thereby inhibiting the production of hepatic glucose [77],
[78]. This influence of the β-glucans decreases fasting glucose levels, increases insulin
resistance through the enhancement of Glucose transporter-4 expression and
downregulation the resistance of this expression, and reduces body weight ratios through
the decrease of mRNA levels for fatty acid synthase, and acetyl-Coenzyme A
carboxylase 1 [79], [80].
The proinflammatory nature of GLPs also contributes to the main antitumor
mechanism of these β-glucans through the promotional expression of TNF-α, Interferon-c
and Interleukin-1β [81]. It’s speculated that the β-glucans of G. lucidum are absorbed in
the proximal small intestine after ingestion where they then decompose into micromolecular fragments of either monosaccharides or oligosaccharides to be carried to the
bone marrow and endothelial reticular system and thus captured by macrophages [82].
GLPs stimulate an innate immune response after release from these macrophages results
in the uptake of these carbohydrates by the circulating granulocytes, monocytes and
dendritic cells [83]. GLPs also restrict the proliferation of tumor cells and induce
apoptosis of tumor cells [84]. This is done through the reduction in the expression of
integrin, inhibiting tumor cell adhesion [85].
GLPs also have reported antioxidant activity and it is suggested that GLPs can
terminate the radical chain reactions through the combination of hydrogen and electrons
from GLPs or between GLPs and hydroxyl radicals [86], [87]. Recent research found that
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the supply of hydrogen from the polysaccharide could combine with radicals, and thus
form a stable radical to end the radical chain reaction [88]. GLPs also exert beneficial
antioxidant effects by reducing lipid peroxidation and malondialdehyde levels [89], [90].
Moreover, GLPs can donate electrons to react with free radicals in vitro, to stop the
radical chain reactions [91]. GLPs can also enhance antioxidant activity by enhancing
catalase activity, which catalyzes the breakdown of H2O2 [92]. In addition, GLPs can
stimulate the synthesis of enzymes involved in free radical production, establishing a
redox cycle to protect cells from oxidative stress [93].

2.3. ISOLATION OF G. LUCIDUM-DERIVED GLUCAN
Overall polysaccharide composition can differ based on the component from
which the carbohydrate was derived from and method of extraction. The structure of
polysaccharides is species and strain related, and is correlated to many factors,
such as location and time of collection, life cycle phase, method of cultivation, isolation,
and drying [94]. Processing may drastically affect the original chemical structure of
polysaccharides altering their degree of branching, molecular weight, viscosity, and
solubility, which may cause change in their biological properties [95]. Variances even in
monosaccharide composition can be seen between isolates from the fruiting body,
mycelium, and spores of G. lucidum, and molecular weight can also depend on the
method used to isolate and purify the fungal polysaccharide [96], [97], [98].
Many species of basidiomycetes have been traditionally cultivated for hundreds of
years to be used as sources of food and traditional medicines [99]. As fungal
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polysaccharides are the main component of the fungal cell walls, they play important
structural roles and can be found throughout the life cycle of the fungi. These means that
they will present in different structural arrangements during different fungal development
stages and thus cultivation and isolation methods have a great impact on the
polysaccharide structure and bioactivity. Careful consideration must be made to the
production of the fungal biomass from which the polysaccharides are to be extracted as
both culture method and media can largely impact the structure of polysaccharides
produced [100]. Submersed fermentation is a process of fungal cultivation that provides a
large degree of control over the cultivation process while still capable of producing a
large fungal biomass to extract from making it the cultivation method of choice in the
study and production of bioactive fungal polysaccharides [101]. Submerged fermentation
involves fungal cultivation in liquid media under the control of a bioreactor. The purpose
of the bioreactor is to agitate the media while monitoring and controlling components
such as temperature and pH [102].
For fungi from the phylum Basidiomycota cultivation periods can take up to a
week during submerged cultivation or may take up to 2 months in solid media. The
polymeric carbohydrates from fungi can be intracellular (intra polysaccharides) or
extracellular. They are typically glycans composed of glucose (glucans) that have
different structures, molecular weights, and compositions depending on the organism
from which are isolated or on the medium to which are excreted. When fungi are grown
in a liquid medium, as during submerged fermentation, several of these compounds are
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released into the medium, and then they can be recovered by means of different
extraction processes. Intra polysaccharides can be found in the fungal biomass either
within the basidium’s structure or in the mycelium, additionally stressor media can be
introduced into the fungal mycelium to promote polysaccharide excretion to facilitate
isolation and purification of these carbohydrates.
The methods available for the extraction of fungal polysaccharides are generally
considered to be considerably energy intensive and time consuming, usually requiring a
large number of organic solvents to precipitate the polysaccharides. For G. lucidum the
major polysaccharides are generally extracted through centrifugation and hot water
extraction. After extraction, fractionation of the polysaccharides is important to separate
the different secreted polysaccharides [103], [104].

2.3.1. MATERIALS AND METHODS
G. lucidum spores were procured from the Mushroom Germplasm Bank for
Human Use of the Brazilian Agricultural Research Corporation (EMBRAPA), Genetic
Resources and Biotechnology Unit - Cenargen, under the coordination of Dr. Arailde
Fontes Urben. Authorization for access to the spores (number 010342/2014-1, Annex 9.1)
was granted by the National Council for Scientific and Technological Development.
Mushrooms were grown in liquid medium by submerged cultivation. Isolated
spores were incubated at 28 °C on plates containing potato dextrose agar (Acumedia, ref
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7585A; Merck, ref. VM887114). After mycelial growth was observed the plates were
stored at 4 °C.
To obtain the pre-inoculum, fragments of mycelium were taken from the plates
and added to 100 milliliters (mL) of sterile liquid dextrose potato medium containing a
filtered lactic acid selective agent (final concentration 28% PV) (JTBaker, Ref. 0194-01)
and the fragments were incubated at 30 °C, for 130 revolutions per minute (RPM) over a
period of seven days. After this period the inoculum was prepared from the pre-inoculum
containing 500 mL of sterile liquid dextrose potato media and selective agent in the same
concentration and growth conditions as the pre-inoculum.
After the seven-day growth period, the mycelia obtained were centrifuged in 50
mL sterile tubes at 6,188 g at 4 °C for 12 minutes. The supernatant was discarded and the
mycelia washed with distilled water, the tubes were centrifuged again at 6,188 x g, 4 °C
for 12 minutes and the supernatant was discarded again. This was repeated twice more.
After washing 500 mL of stressor media called minimal sterile nutritional culture
medium was added to the mycelium. The mycelium was cultivated for an additional 24
hours, at 130 rpm, and 30 °C. After this incubation period the liquid medium containing
mycelium was centrifuged at 6,188 x g, 4 °C for 12 minutes. The mycelium was
discarded, and the supernatant was filtered (qualitative filter paper, J. Prolab) and stored
at -20 °C. After freezing the material was lyophilized and stored at -20 °C for further
analysis. The isolate was fractionated by adding distilled water, allowing the soluble
polysaccharides to dissolve, the isolate was centrifuged at 5,000 rpm, 4 °C for 10
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minutes. The supernatant was collected and the precipitate containing the insoluble
fraction was further solubilized with distilled water.

2.3.2. RESULTS AND DISCUSSION
Crude polysaccharide was isolated from the mycelium body of G. lucidum and
purified with a series of repeated washes and centrifugation, after which a stresser media
was introduced. After a period of incubation, the secreted polysaccharides were
quantified by Dubois phenol-sulfuric acid assay [105] revealing a total carbohydrate yield
of 90mg/L. The fungal glucan was further fractionated into a soluble and insoluble
fraction through solubilization with distilled water. The insoluble fraction was then
subjected to further characterization. A preliminary monosaccharide characterization was
performed via Gas Chromatography coupled Mass Spectroscopy (GC-MS) and mannose,
glucose, and galactose to be the major components of the fungal polysaccharide.
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CHAPTER 3. NMR-BASED STRUCTURAL CHARACTERIZATION OF
G. LUCIDUM-DERIVED GLUCAN

3.1. STANDARD MONOSACCHARIDES
In general, the monosaccharide composition of GLPs is relatively constant.
Fungal polysaccharides mostly consist of D-glucose (Glc), D-fructose, D-galactose
(Gal), D-mannose (Man), D-xylose, L-fucose, L-rhamnose and L-arabinose. The
difference in monosaccharide composition between fungal fruiting bodies, mycelia, and
spores are mostly reflected in their compositional ratio, and it's important to note that
differences in monosaccharide contents and ratios can influence the bioactivity of the
expressed polysaccharide.
The primary structural analysis of a carbohydrate by NMR can be approached in
different ways. Among the most common is to identify individual sugars or
monosaccharides through the identification of anomeric signals which occur outside of
the bulk region (around 3-4 ppm) in a 1H-NMR spectrum.
While structure characterization through NMR can be accomplished within
reason through 1D 1H spectra. In carbohydrates, a general pattern is usually seen in a
crowded region between 3-5 ppm where most signals appear, and chemical shift
degeneracy is consequently very high. Due to deshielding from the carbon-bound
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oxygen upon cyclization of the linear carbohydrate rings, anomeric protons can be
observed furthest downfield in the 1H NMR spectra. However, as molecules of interest
become more structurally complex as can be seen in the carbohydrates other methods are
used in combination with one another. Usage of multiple NMR experiments can increase
the overall integrity of conclusions found from previous experiments by overcoming
limitations caused by bad resolution through increasing the spectral dimension and by
observing more than one type of nuclei. This method is especially relevant to ring bound
protons that experience intense signal overlap.
Chemical shift degeneracy was a barrier in structural characterization of the
fungus polysaccharide since it is mainly composed of the monosaccharides Glc, Gal, and
Man, which are structural enantiomers of each other. In order to overcome this limitation
individual spectra were taken of standard preparations of Glc, Gal, and Man and then
used to compare chemical shift signals and J-coupling values to the main GLP spectra.

3.1.1. GLUCOSE
Glc is one of the most common monosaccharides found in nature and can be
readily assigned by NMR spectroscopy. During the observation of a Glc in a 1H-NMR
and 1H-1H COSY spectrum (Figure 3.1.1) there are clear anomeric 1H-signals between
5.5 ppm and 4.5 ppm near the water peak at 4.8 ppm. 1H signal distribution can be
incredibly informative and very simple structural changes are enough to cause kinetic
alterations to the equilibrium of the anomeric 1H’s in solution. The intensities of the
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signal peaks at the anomeric region can be used to indicate the proportion of these
protons within a molecule. This means that the anomeric region and its corresponding
signals are very useful in determining the ratio of α or β sugars. In carbohydrates the 1HNMR spectra can be overwhelmingly difficult to assign due to the abundance of
condensed, overlapping, and unresolved signals. Multidimensional NMR experiments
must be utilized to increase resolution and other nuclei must be observed (as in the 1H13

C HSQC experiment) to overcome these limitations. [106] Once the anomeric protons

have been identified 1H-1H COSY spectral data can then be used to assign most of the
1

H-chemical shifts for both α and β anomeric forms as was done in our characterization

of the monosaccharide standards (Figure 3.1.1.) During our work to characterize the
fungal glucan standard preparations of each major monosaccharide moiety were
analyzed by NMR and thoroughly assigned. Glc as the major component of this GLP,
was the first to undergo complete assignment and would later be used to confirm the
assignments of the Glc signals present in our fungal polysaccharide.
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Figure 3.1.1 1D 1 H (A), 1 H– 1 H COSY (B), 1 H– 1 H TOCSY (C), and 1 H– 13 C HSQC (D)
NMR spectra of Glc recorded at 25 oC at Bruker 400 MHz. All spectra are shown in two panels:
the downfield region highlighting the anomeric-related signals (δ H expansion between 5.45 and
4.25 ppm) and the upfield region containing the other signals belonging to the hexose ring (δ H
expansion between 4.20 and 3.00 ppm) within δC expansion between 60.0 and 97.5 ppm.
Signals were labeled as Glc followed by the Greek letter of the anomeric form (α or β) and the
number of the atomic position within the hexose ring.
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3.1.2. MANNOSE
Man is another highly abundant monosaccharide, it is most commonly recognized
as a C-2 epimer of glucose and can also be found in both α and β ring configurations.
Mannose is unique among the monosaccharides as the α configuration is more abundant
than its β ring configuration, whereas for many other monosaccharides the opposite is
true. These minor differences make all the difference when making spectral assignments
by NMR. As mannose is a C-2 epimer of Glc there will be identifying signal differences
to both the J-coupling and chemical shift not only to the H-2 proton but to the
neighboring anomeric H-1 and H-3 signals as well. For Man the identifying anomeric
signals at 5.33 ppm and 4.65 ppm can be first used to differentiate the signals form either
Glc or Gal. Although the β signal at 4.65 ppm may be distorted or obscured by a water
solvent peak at 4.8 ppm either increasing the concentration of the standard or using
water suppression techniques may aid in identifying this β H-1 signal. Once the
anomerics have been identified a multidimensional experiment or series of experiments
such as 1H-1H COSY, 1H-1H TOCSY, and 1H-13C HSQC can then be performed and
analyzed to identify the remaining signals as in Figure 3.1.2. The chemical shifts and Jcoupling constants can then be used to differentiate Man signals from Glc signals in a
mixture such as in our fungal polysaccharide.
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Figure 3.1.2. 1D 1H (A), 1H–1H COSY (B), 1H–1H TOCSY (C), and 1H–13C HSQC (D) NMR
spectra of Man recorded at 25 oC at Bruker 400 MHz. All spectra are shown in two panels: the
downfield region highlighting the anomeric-related signals (δH expansion between 5.35 and 4.60
ppm) and the upfield region containing the other signals belonging to the hexose ring (δH
expansion between 4.00 and 3.25 ppm) within δC expansion between 60.0 and 97.5 ppm.
Signals were labeled as Man followed by the Greek letter of the anomeric form (α or β) and the
number of the atomic position within the hexose ring.
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3.1.3. GALACTOSE
Gal is another monosaccharide sugar and is the C-4 epimer of glucose. This
aldohexose also exists in both α and β cyclic forms and is readily abundant in nature. As
Gal is a C-4 epimer the identifying NMR chemical shifts and J-coupling patterns will
occur at the H-3, H-4, and H-5 in a 1H spectra. This means that although the anomeric
protons will have very similar J-coupling values even such minor structural differences
will result in minor changes to the chemical shift of these α and β anomeric signals. In
Glc the αH-1 signal occurs at approximately 5.24 ppm while Gal is slightly shifted
downfield to 5.33 ppm as represented both in the standard assignments (Figure 3.1.3)
and the polysaccharide (Figure 3.1.4). Even when these anomerics are overlapping in
Glc and Gal, using multidimensional the NMR spectra of 1H-1H COSY, 1H-1H TOCSY,
and 1H-13C HSQC allows the user to identify the H-4 which occurs approximately at
4.15 ppm for the αH-4 and 3.99 ppm for the βH-4. From the H-4 position 1H-1H COSY
can be used to identify the H-2 and H-3 signals, while 1H-1H TOCSY and 1H-13C HSQC
can be used to confirm and identify the remaining signals. Although in a larger spectrum
like our polysaccharides the chemical shift degradation can be daunting, identifying the
individual monosaccharides in this manner makes the process much more manageable in
the characterization of our polysaccharide.
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Figure 3.1.3. 1D 1H (A), 1H–1H COSY (B), 1H–1H TOCSY (C), and 1H–13C HSQC (D) NMR
spectra of Gal recorded at 25 oC at Bruker 400 MHz. All spectra are shown in two panels: the
downfield region highlighting the anomeric-related signals (δH expansion between 5.55 and 4.45
ppm) and the upfield region containing the other signals belonging to the hexose ring (δH
expansion between 4.40 and 3.30 ppm) within δC expansion between 45.0 and 102.5 ppm.
Signals were labeled as Gal followed by the Greek letter of the anomeric form (α or β) and the
number of the atomic position within the hexose ring.
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3.1.4. MATERIALS AND METHODS
Around 5-8 mg of each standard monosaccharides Glc, Man, and Gal (Sigma
Aldrich) were dissolved in 550 μL of deuterium oxide (HOD) “100%” (D 99.96%),
purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). The
monosaccharide standard samples were transferred to a 5mm NMR tube and subjected to
a series of NMR experiments. 1D 1H and 2D 1H–1H homonuclear, and 2D 1H–13C
heteronuclear NMR spectra were recorded including: COSY, TOCSY, NOESY, and
HSQC spectra.
The 1D NMR spectra of standard monosaccharides were recorded with a 400
MHz Bruker Avance III HD equipped with 5 mm BBFO RT probe, and 500 MHz
Bruker Avance III HD; equipped with Prodigy BBFO 5 mm cryoprobe at 32 and 64
number of scans, respectively. The 2D 1H–1H COSY was recorded in 256 increments
and the 1H–1H TOCSY was recorded with an 80 ms spinlock pulse at 500 MHz Bruker
Avance III HD using 5 mm BBFO RT probe equipped with Z gradient. 1H–1H NOESY
was recorded at 125 ms mixing time, 1H–13C HSQC was recorded with 13C decoupling
during 1H acquisition, with 16 scans per increment on a Bruker Avance III HD 500 MHz
equipped with Prodigy BBFO 5 mm cryoprobe. NMR spectra were recorded using
states-time proportion phase incrementation for quadrature detection in the indirect
dimension. 1H–13C HSQC was run with 2048 × 256 points, 64 scans per increment, and
globally optimized alternating phase rectangular pulses for decoupling. Chemical shifts
are relative to the solvent peak HOD at 4.8 ppm for 1H. All NMR spectra were recorded
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at 25 oC, and all NMR spectroscopic data was processed and analyzed using
MestreNova 14.1.2 and TopSpin 4.0.9 software.
The relative quantitation of monosaccharides was measured using the quantitative
GSD method as analyzed in MestreNova. All the quantitative GSD methods applied
positive and negative peaks type on the 20 fitting cycles of refinement level with 0.01%
of convergence tolerance. The monosaccharide peaks were selected at the anomeric H1
position, at which chemical shifts could be easily identified from other proton signals
even if easily buried by the HOD solvent peak. The spectra of G. lucidum extract
increased the spectrum size from 16 K to 256 K with Zhu-Bax method of linear
prediction. The Lorentzian (LB)-Gaussian (GB) apodization function of LB = 0.3 Hz
and GB = 0.5 Hz applied to all spectra. The baseline correction applied to multiple
baseline corrections.

3.1.5. RESULTS AND DISCUSSION
Gal and Man are enantiomers of Glc at the C-2 and C-4 positions respectively,
due to this chemical shift degradation can be seen in the NMR spectral data. In order to
overcome this chemical shift overlap, complete chemical shift assignments were made to
standard samples of Glc, Gal, and Man. (Figures 3.1.1, 3.1.2, and 3.1.3.) Anomeric
proton signals observed at 5.16 ppm, 5.13 ppm, 5.08 ppm, and 4.08 ppm, 5.54 ppm, 4.48
ppm in the 1H NMR indicate the presence both α and β configurations of the Glc, Gal,
and Man (Table 1) monosaccharide constituents. Integration of the anomeric signals
indicate a 1:2.3 ratio of α to β-Glc, 1:5 ratio of α to β-Gal, and 2:1 ratio of α to β-Man.
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(data not shown) although β-glucans are better documented in fungal polysaccharides
both α and β configurations have been reported in G. lucidum [68], [96].

3.2. 1D 1H NMR SPECTROSCOPY OF G. LUCIDUM-DERIVED GLUCAN
The 1D 1H NMR spectra, although limited in resolution compared to a 2D spectra
can be used to investigate some important aspects of the overall molecular structure of
the G. lucidum-derived glucan. Although only ~7 mg of the sample was provided, the
resolution of the 1D 1H spectra were optimized through the use of 3 mm NMR tubes, the
use of a higher magnetic field (500 MHz), and slightly increasing the number of
experimental scans (32 and 64 scans). The 1H spectra revealed an abundance of
overlapping signals between 3.2 and 4.3 ppm and signals corresponding to the anomeric
1

H’s between 4.5 and 5.4 ppm. These signals were later correlated with the anomerics of

the previously characterized monosaccharide standards. (Section 3.1.)

3.2.1. MATERIALS AND METHODS
Approximately 7 mg of Ganoderma lucidum-derived glucan (insoluble fraction)
was dissolved in ~200 μL of deuterium oxide (HOD) “100%” (D 99,96%), purchased
from Cambridge Isotope Laboratories, Inc. (Andover, MA), and transferred to a 3 mm
NMR tube. Then, a series of 1D 1H, 2D and 3D 1H–1H homonuclear, and 2D 1H–13C
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heteronuclear NMR spectra were recorded including 1H–1H COSY, 1H–1H TOCSY, 1H–
1

H NOESY, 1H–13C HSQC, 1H–13C HSQC-TOCSY, and 1H–1H phTOCSY spectra.
The 1D NMR spectra of the GLP was recorded at 500 MHz Bruker Avance III

HD; equipped with Prodigy BBFO 5mm cryoprobe at 32 and 64 number of scans,
respectively. Chemical shifts are relative to external TMP at 0 ppm for 1H and to
methanol for 13C. All NMR spectra were recorded at 25 oC. NMR data were processed
and analyzed using MestreNova 14.1.0 and TopSpin 4.0.9 software.
LC-MS mass analysis was performed, and the resulting analytes were examined
for masses consistent with mono-hexose, di-hexose, and tri-hexose by our collaborators.
Chitotriose (NAG3) was used as a standard and injected on a nano C18 column which
resulted in an integrated signal abundance of 0.16 umol injected NAG3 to be
359088830. After this 500 ng of the GLP was injected and the resulting masses were
analyzed.

3.2.2. RESULTS AND DISCUSSION
The composition of polysaccharide from G. lucidum-derived glucan was
integrated by GSD method. The composition analysis of the insoluble fraction of the G.
lucidum-derived glucan showed Glc (91.31%), Gal (4.99%) and Man (3.69%) as major
components (Figure 3.2.2.), otherwise other reported polysaccharides, xylose, ribose,
fucose including di-, tri-, tetra- polysaccharide, were not observed in the G. lucidumderived glucan extracts due both to the limit of detection and chemical shift degradation.
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As discussed in Section 3.1 Glc, Man and Gal were used as standards to assist in
the NMR assignments of the insoluble fraction of the GLP. Figure 3.2A shows the
overlapped 1D 1H NMR spectra of these monosaccharide standards while Figure 3.2B
shows the 1D 1H NMR spectrum of the insoluble polysaccharide fraction derived from
G. lucidum. As expected, chemical shift degradation occurs throughout the spectra as
these three hexoses are structurally similar. Gal is C-4 epimer of Glc while Man is C-2
epimer of Glc. The main constituents present in the GLP are structural isomers of each
other making the identification of the individual 1D 1H NMR peaks of the
monosaccharide components difficult. (Figure 2.3B).
1

H NMR spectra of the fungus glucan observed Glc peaks as a major component

and overlapped well with Man and Gal peaks on the spectra at the 3.00 to 4.00 ppm.
Those peaks of monosaccharides in the fungi glucan are confirmed with standard
monosaccharide NMR spectra in the 4.50 to 5.50 ppm region (Figure 3.2.1).
The downfield ring 1H’s at the epimerized positions (C-4 of α and β of Gal with δH at
4.15 and 3.99 ppm, and C-2 of Man with δH at 3.92 ppm for Man at both anomeric
configuration (Table 1). As opposed to the β anomeric proton signals (chemical shift
values ranging between 4.90 and 4.50 ppm) [107] which is slightly distorted by the
nearby residual water signal (around 4.80 ppm at 25 ℃), the α anomeric 1H signals
resonate far away from the solvent and are more reliable NMR observables to quantify
the constituents. The integral values of the anomeric α-H1 signals reveal Glc, Man and
Gal to have a relative percentage of 85%, 9% and 6%. Assuming the α/β 1H anomeric

37

ratio of 3.3/6.6, 6/4 and 3/7 for Glc, Man and Gal, based on the 1D 1H NMR spectra of
each standard (Figures 3.1.1, 3.1.2, and 3.1.3.), the normalized composition of these
sugars in the fungus insoluble fraction as seen by the β anomeric 1H signals would be
28%, 9% and 6% respectively for Glc, Man and Gal.

Figure 3.2.1. 1D 1H NMR spectra (δH expansion between 5.40 and 3.05 ppm) of (A) standard
monosaccharides, (Gal) (blue), Glc (black) and Man (red), all superimposed, and, (B) insoluble
fraction from G. lucidum glucan indicating the resonances belonging to the individual
monosaccharide components. Signals are labeled by monosaccharides’ three letter abbreviation
followed by the Greek letter of the anomeric ring form (α or β) and the number of the atomic
position within the hexose ring.

It is curious to observe that all three monosaccharides showed both α and β
anomeric 1D 1H signals of all three monosaccharides in reasonable amounts in the
fungus glucan (Figure 3.2). This may be explained by three possibilities: (1) the
existence of both anomeric configurations in the glycosidic linkages, (2) the occurrence
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of branching reducing ends, and (3) the partial degradation of the fungus polysaccharide.
In order to confirm that the polysaccharide had not degraded and to avoid any potential
misinterpretation of the NMR analysis, the polysaccharide underwent LC-MS analysis
after NMR spectral acquisition for assessment of low- and medium-sized
oligosaccharides (data not shown). The LC-MS data showed no reliable signals from
mono-hexose or tri-hexose but did show some minor signals of di-hexose. From this we
determined that the GLP remained in its native, intact polymeric form during the NMR
analysis and had undergone little to no degradation.

Table 1. Proton (1H) and carbon (13C) chemical shift values (δ, ppm) of hexose rings (both α
and β anomeric forms) from standard monosaccharides, Glc, man and Gal and the major
component, Glc of the insoluble fraction from G. lucidum-derived glucan.
Residue
Standard
monosaccharides

Fungal glucan

1

H1-13C1

1

H2-13C2

1

H3-13C3

1

H4-13C4

1

H5-13C5

1

H6/1H6´-13C6

α-Glc

5.24-91.1 3.55-71.2

3.72-72.6

3.84-69.4

3.46-69.2

3.92/3.85-60.7

β-Glc

4.65-95.6 3.25-73.9

3.47-75.7

3.85-70.1

3.36-69.4

3.75/3.73-60.6

α-Man

5.17-93.9 3.92-70.7

3.83-70.1

3.64-66.6

3.08-72.2

3.88/3.76-60.8

β-Man

4.89-93.5 3.92-70.7

3.63-72.8

3.65-66.5

3.37-76.0

3.85/3.74-60.8

α-Gal

5.33-92.2 3.72.72.9

4.05-68.8

4.15-70.3

3.90-68.6

3.78/3.65-60.6

β-Gal

4.65-96.4 3.55-71.7

3.68-72.9

3.99-68.9

3.78-75.1

3.82/3.65-60.6

α-Glc

5.23-92.0 3.53-71.4

3.71-72.6

3.83-71.0

3.39-69.5

3.88/3.84-60.8

β-Glc

4.64-95.7 3.24-74.2

3.47-75.7

3.83-71.6

3.45-69.6

3.74/3.72-60.6

Values were obtained from NMR spectra recorded at 400 MHz in 99.9% HOD. Chemical shift values are relative to external
trimethylsilylpropionic acid at 0 ppm for 1H and to methanol for 13C.
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Figure 3.2.2 Relative quantities of the monosaccharides, Glc, Gal, and Man, in G. lucidum
glucan extracts measured using global spectral deconvolution (GSD) method. The ratio of the
monosaccharide composition reveals glucose (91.3%), galactose (5.0%), and mannose (3.7%),
respectively.

3.3. MULTIDIMENSIONAL NMR SPECTROSCOPY OF G. LUCIDUM
DERIVED GLUCAN
In order to overcome the limitations of 1H NMR spectra and increase the
resolution of spectra with too much chemical shift overlap, multidimensional NMR
experiments had to be performed. This included 1H-1H COSY,1H-1H TOCSY, and 1H13

C HSQC as well as more complex experiments such as the 1H-1H NOESY to

investigate possible glycosidic linkages and intra-residue linkages between the sugar
moieties. As the polysaccharide had an approximate molecular weight it was important
to perform several NOESY experiments of varying mixing times (75, 100, 125, and 175
ms) to optimize the NOESY experiment. A mixing time of 125ms was the most optimal
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and thus used to identify possible glycosidic linkages (Figure 3.3.2.)
However, it became apparent over the course of identifying the main structural
characteristics of this polysaccharide that 2D spectral data was not enough to resolve and
identify some of the minor components of this polysaccharide (the Man and Gal signals),
and thus the fungal glucan was subjected to advanced NMR experiments using a
variation of 1H-1H TOCSY which provided more sensitivity called phTOCSY and by
using a blended NMR experiment called TOCSY-HSQC (Figure 3.3.3). TOCSY-HSQC
greatly improves the resolution of a normal 1H–1H TOCSY through the indirect
observation of another nucleus, 13C. The result is an NMR spectrum which reveals
through-bond correlations between a 13C- attached to a 1H to all other coupled 1H in the
spin system. For our purposes this was a great asset in the identification of the minor
sugar components of Gal and Man for the characterization of this GLP.

41

Figure 3.3.1. 1D 1H (A), 1H–1H COSY (B), 1H–1H TOCSY (C), and 1H–13C HSQC (D) NMR
spectra of the insoluble fraction from G. lucidum-derived glucan recorded at 25 oC at Bruker
400 MHz. All spectra are shown in two panels: the downfield region highlighting the anomericrelated signals (δH expansion between 5.45 and 4.2 ppm) and the upfield region containing the
other signals belonging to the hexose ring (δH expansion between 4.20 and 2.95 ppm) within δC
expansion between 60.0 and 97.5 ppm. Signals were labeled for its major monosaccharide
constituent, glucose (Glc) followed by the Greek letter of the anomeric form (α or β) and the
number of the atomic position within the hexose ring.
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Figure 3.3.2. 2D 1H–1H NOESY spectra (δH-δH/δH-δH expansions between 5.20-3.0/5.37-3.0
ppm) at different counter-levels, (A) higher and (B) lower threshold, for assessment of throughspace (A) intra-residue and (B) inter-residue proton-proton connectivities of the insoluble
fraction from G. lucidum glucan. Signals are labeled by monosaccharide type (Glc for glucose;
Gal for galactose; and Man for mannose) followed by greek letter of the ring anomeric form (α
or β) and the number of the atomic position within the hexose ring.
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Figure 3.2.3. 1H–1H phase sensitive TOCSY (expansions of δH-δH/δH-δH between 5.30 and 3.20
ppm in both dimensions) (A), and 1H–13C HSQC-TOCSY (δH-δH/δC-δC expansions of 5.303.20/57.5-105 ppm) (B) NMR spectra of glucan derived from the insoluble fraction from G.
lucidum-derived glucan, recorded at 25 oC at Varian 600 MHz. Signals were labeled as Glc
(glucose), Gal (galactose) and Man (mannose) followed by the Greek letter of the anomeric
form (α or β) and the number of the atomic position within the hexose ring. Hyphen is used to
indicate the interatomic connectivity of the cross-peak.
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3.3.1. MATERIALS AND METHODS
The 2D 1H–1H COSY (recorded in 256 increments), 1H–1H TOCSY, and phasesensitive 1H–1H TOCSY were recorded with an 80ms spinlock pulse at 600 MHz Bruker
Avance III HD using 5mm BBFO RT probe equipped with Z gradient. 1H–1H NOESY
was recorded with 125 ms mixing time, 1H–13C HSQC was recorded with 13C
decoupling during 1H acquisition, 1H–13C HSQC–TOCSY with 13C decoupling during
1

H acquisition and DIPSI2 100 ms spinlock pulse and 3D 1H–1H–1H NOESY–TOCSY

was collected with 100 ms mixing time and 80 ms spinlock pulse with 1024 × 128 × 128
point, all with 16 scans per increment on a Bruker Avance III HD 500 MHz equipped
with Prodigy BBFO 5mm cryoprobe. NMR spectra were recorded using states-time
proportion phase incrementation for quadrature detection in the indirect dimension. 1H–
13

C HSQC and HSQC–TOCSY spectra were run with 2048 × 256 points, 64 scans per

increment, and globally optimized alternating phase rectangular pulses for decoupling.
Chemical shifts are relative to external trimethylsilyl propionic acid at 0 ppm for 1H and
to methanol for 13C. All NMR spectra were recorded at 25 oC. NMR data were processed
and analyzed using MestreNova 14.1.0 and TopSpin 4.0.9 software.

3.3.2. RESULTS AND DISCUSSION
Once most of the 1H’s of the three major monosaccharides from the
insoluble fraction of the fungus glucan superimpose in the 1H NMR spectrum (Figure
3.1.1.), our NMR study followed here two key strategies to overcome the issue. First, the
45

monosaccharide Glc, Man, and Gal were individually analyzed by a series of NMR
spectra including 1D 1H and 2D 1H–1H COSY (for assessment of connections between
vicinal carbon-bound protons), 2D 1H–1H TOCSY (for assessment of both short and
long range interproton connections through chemically bound carbon framework,
commonly named spin-system) and 1H–13C HSQC (for assessment of the connections
between 1H and 13C chemically bound) (Figures 3.2.1-3.2.3) and, after complete nuclear
assignments, both 1H and 13C chemical shifts were obtained (Table 1). Second,
recognition of the structural features of the fungus polysaccharide was accomplished via
the same series of two-dimensional NMR spectra: 1H–1H COSY (Figure 3.2.1. A), 1H–
1

H TOCSY (Figure 3.2.1. B), and 1H–13C HSQC (Figure 3.2.1. C), but also 1H–1H

phTOCSY (Figure 3.2.3. A), 1H–13C HSQC-TOCSY (Figure 3.2.3. B), and the 1H–1H
NOESY (Figure 3.2.2) spectra. The combined spin assignments made through the first
five NMR spectra (Figures 3.2.1 and 3.2.2) enabled us to obtain all 1H and 13C chemical
shift values of the major component, Glc, of the insoluble fraction from G. lucidumderived glucan (Table 1). The assignments made through the regular 2D 1H–1H NOESY
(Figure 3.2.2.) and 1H–1H TOCSY-HSQC (Figure 3.2.3.) spectra enable us to
determine both the intra-residue and inter-residue (glycosidic bond-related) throughspace interproton connections.
Cross-peak integrals from the anomeric 1H-13C pairs (α pair with δH/δC at
5.24/92.0 ppm and β pair with δH/δC at 4.64/95.7 ppm, Figure 3.2.1 C) showed a ratio of
1/2 for α/β. This indicates that the insoluble fraction of the G. lucidum-derived glucan

46

contains a mixture of both α and β configurations, but majorly comprises a β-glucan.
From the 2D 1H–1H NOESY spectra shown at two different counter-levels at Figure
3.2.2, a series of through-space interproton connections indicative of glycosidic bonds,
either from the linear chain or suggestive branching sites, were clearly identified. They
are Glc-βH1-βH6 with δH/δH at 5.24/3.88 ppm (Figure 3.2.2. A), and Gal-αH1-Glc-βH6
with δH/δH at 5.33/3.74 ppm, Gal-βH1-Glc-βH3 with δH/δH at 4.65/3.24 ppm, Gal-βH1Man-βH3 with δH/δH at 4.65/3.63 ppm, and Gal-βH1-Glc-βH6 with δH/δH at 4.65/3.74
ppm (Figure 3.2.2. B). From this set of observed connections [Glc-(1-6)-Glc, Gal(1-6)Glc, Gal-(1-3)-Glc, Gal-(1-3)-Man, and Gal-(1-6)-Glc], we could observe inter residue
connections which are clearly indicative of branching sites, glycosylation substitutions at
either C3 [Gal-(1-3)-Glc, and Gal-(1-3)-Man] or C6 [Glc-(1-6)-Glc, Gal(1-6)-Glc, and
Gal-(1-6)-Glc] positions, and linkages made between Glc residues [Glc-(1-6)-Glc] or
permutation of monosaccharides [Gal(1-6)-Glc, Gal-(1-3)-Glc, Gal-(1-3)-Man, and Gal(1-6)-Glc]. This set of data demonstrates that the structure of G. lucidum-derived glucan
(insoluble fraction) is irregular and complex, although within just a few structural
variations such as composition of three major monosaccharides, two main glycosidic
sites in both anomeric configurations, and linear versus branching disposition.
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3.3.3. CONCLUSIONS
Taking all these results together, we can conclude that the insoluble fraction
derived from G. lucidum glucan is a very complex polysaccharide, composed of three
major monosaccharides, Glc (major), Man and Gal (minor), mixture of anomeric
configurations (α at 33% and β at 66%), and substitutions at both positions C3 and C6.
This set of structural features observed from G. lucidum-derived glucan (insoluble
fraction) is in great agreement with the previous structural analysis reported in Li et al
(2020)[65]. It is important to note that although much of the work involving glucans
isolated from G. lucidum focuses on the β structural form although this work notes both α
and β anomeric structures within this glucan. This may be due to the method of
cultivation and isolation of the glucan from the mycelial body rather than isolation of the
glucan from the fruiting body as was reported in Li et al (2020) [65]. Both α and β
anomeric structural forms of these glucans are present in the composition of G. lucidum
however, liquid based cultivation and isolation from the mycelial body allow for the
extraction of more polysaccharide content and differing structure than through isolation
from the fruiting body, possibly accounting for the presence of both structural forms.
Although this work contributes some understanding of the structural characteristics of
this Ganoderma derived glucan fraction, there is still a need to address more in-depth
structural characterizations of this glucan, such as the presence of linear or branching
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forms. As this is also a fraction of an isolate from G. lucidum, the structural
characterization of the soluble fraction of this polysaccharide still needs to be explored
and compared to the insoluble fraction.
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